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Abstract 
This paper presents the initial set of results obtained during laboratory experiments and numerical modeling of geochemical 
reactions performed by the Plains CO2 Reduction (PCOR) Partnership. Selected samples are from several different formations of 
the Williston Basin, including Bakken, Broom Creek, Madison, and Winnipeg. The XRD mineralogical analysis of selected 
samples reported anhydrite, calcite, dolomite, forsterite, and quartz as dominant phases. The powdered samples were exposed to 
supercritical carbon dioxide at 4000 psi and 80°C in dry, freshwater, and brine conditions. The numerical modeling was 
performed utilizing the geochemical code PHREEQC, where the thermodynamic database was adjusted with SUPRCRT92 code. 
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1. Introduction 
As one of the seven U.S. Department of Energy Regional Carbon Sequestration Partnerships, the Plains CO2
Reduction (PCOR) Partnership is working to identify cost-effective carbon dioxide (CO2) storage approaches for the 
PCOR Partnership region, and to facilitate and manage the future demonstration and deployment of these 
technologies. One of the key goals of the program is the demonstration of regional CO2 storage opportunities and 
identification of potential technical issues related to the geological storage of CO2.
Limited research has been conducted on the fate of CO2 after being injected into geological sinks; however, it is 
important to understand the potential reactions between CO2 and the host formation and fluids. When CO2 reacts 
with water, it forms carbonic acid, and it is this aqueous form that is reactive with rocks and dissolved constituents 
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of subsurface pore fluids [1]. It is also important to note that the aqueous solubility of CO2 is dependent on factors of 
temperature, pressure, and ionic strength of the water. Thus the solubility is generally lower with elevated 
temperatures (25° to 120°C) and salinity of the water and higher when under elevated pressures (2900–3400 psi) [1]. 
Although information on this topic is limited, Rosenbauer et al. [1] conducted laboratory-scale research and 
demonstrated that changes in composition of brine solutions, mineralogy, and porosity of rock material occur when 
reacted with supercritical CO2. The extent and type of reaction is dependent upon the composition of the initial brine 
solution, especially with respect to dissolved calcium and sulfate concentrations [1]. Bateman et al. [2] also 
conducted long-term laboratory-scale experiments (7.5 months) to react CO2 with host rock materials and synthetic 
pore fluids at a temperature of 70°C and a pressure of 1450 psi. The resulting mineralogical reaction for most 
minerals was minor, except for carbonate minerals, which exhibited evidence of dissolution. Examinations of 
dolomite and calcite indicated significant dissolution occurred, and the dolomite grains were severely corroded. In 
the fluid analyses, calcium and magnesium also illustrated significant increases in concentration, which is consistent 
with the observation of calcite and dolomite dissolution. These results have implications for geological CO2
sequestration, since changes in porosity of the host rock could create problems with the rate, extent, and efficiency 
of CO2 injection. On the other hand, the formation of stable carbonate minerals could serve to enhance the long-term 
storage of CO2. Although additional research has been performed on a few types of brine solutions, it is important 
that continued research apply this understanding to determining potential interactions with a variety of brine 
compositions and in a variety of geological settings. 
Currently, no research related to CO2 storage has been published about formation and fluid interactions 
concerning any of the Williston Basin stratigraphy. Therefore, the focus of this research was to better understand the 
potential physical and chemical interactions between CO2 and potential receiving formations through bench-scale 
laboratory tests and numerical modeling. The research was conducted by evaluating the physical and chemical 
changes observed in Williston Basin rock samples after exposure to CO2 at a temperature of 80°C and a relatively 
high pressure of 4000 psi. These conditions were chosen to reflect typical conditions for reservoirs at a depth of 
approximately 8000 ft. 
2. Rock unit selection 
The Williston Basin is characterized by a thick sequence of sedimentary rock formations, in excess of 16,000 feet 
at the basin center, which date from the Cambrian Period to the Holocene [3]. Deposition from the Cambrian Period 
through the lower Ordovician was predominantly siliciclastic (sandstone and shales). Carbonates (limestones and 
dolomites) and evaporites (anhydrites and salts) were the dominant lithologies from the middle Ordovician through 
most of the Mississippian. Siliciclastics again became the dominant lithology in the Pennsylvanian and remained so 
through the Holocene.  
To evaluate potential chemical and physical reactions between CO2 and selected Williston Basin rock units, 
samples representing five different formations were tested in bench-scale laboratory experiments. Numerical 
modeling of geochemical reactions was performed and verified with laboratory results. The samples were chosen 
based on both availability and on the likelihood of future exposure to injected CO2. A sample of a pure magnesium 
silicate (mineralogical equivalent of forsterite) was also tested because of its known reactivity with CO2 [4]. 
All Williston Basin samples were obtained through the North Dakota Geological Survey’s Core Library, located 
on the campus of the University of North Dakota. A detailed description of each sample and its relevance as a 
potential carbon sequestration unit is described in the following section.  
Magnesium silicate (Mg2SiO4) is the primary chemical composition of the mineral forsterite, which reacts with 
CO2 under natural conditions to form magnesium carbonate (MgCO3), also known as magnesite, and silicone 
dioxide (SiO2), otherwise known as the mineral quartz. A relatively pure (99% purity) powdered form of magnesium 
silicate was obtained from a commercial vendor for analysis in the CO2 reaction experiments. Because the other test 
materials were core samples with a heterogeneous mineralogical composition, a common mineral known to react 
with CO2 was needed to verify the potential reaction mechanism in the laboratory experiments, and forsterite served 
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the purpose. X-ray diffraction (XRD) analysis of the magnesium silicate found the sample to be composed primarily 
of the mineral forsterite with small amounts of quartz and periclase (magnesium oxide – MgO) present.  
The Madison Group is the primary oil-producing unit in the Williston Basin and likely provides the most 
significant opportunities for CO2 sequestration through enhanced oil recovery [3]. The Madison is divided into three 
formations, which, in ascending order, are the Lodgepole, Mission Canyon, and the Charles [5]. To evaluate 
potential interactions between CO2 and the Charles, a sample from a core of the formation previously extracted from 
a wellbore in McKenzie County was obtained from the core library. A subsample of the core was collected from a 
depth representing approximately 9300 feet. The sample appears to be a dark grey limestone with fine to very fine 
crystalline structure that contains scattered authigenic calcite prisms [6]. XRD analysis has shown the sample to 
consist primarily of calcite (CaCO3) and dolomite (CaMgCO3) with a small amount of quartz present.  
The Bakken Formation was chosen for testing because it may serve as a primary seal for CO2 storage in 
underlying carbonate formations. The Bakken Formation lies directly beneath the Madison Group and comprises 
three distinct members: an upper and lower unit consisting of organic-rich black shale and a middle unit containing 
organic-poor, calcareous siltstone [7]. A subsample of a core obtained from a wellbore in Billings County was 
collected and represented a depth of approximately 11,000 feet. The sample appears as a dark brown to black, fissile 
shale that is organically rich [6]. XRD analysis has shown the sample to consist primarily of quartz and dolomite 
with small amounts of illite/mica ([KAl2Si3AlO10][OH] 2) and a calcium aluminum oxide phase (Ca3Al2O6).
The Broom Creek Formation is the thickest and most extensive brine-saturated sandstone in the Williston Basin, 
representing an excellent target for large-scale CO2 storage. The Broom Creek Formation is the uppermost member 
of the three formations comprising the Minnelusa Group. The Broom Creek is characterized by porous and 
permeable fine- to medium-grained sands [8]. A sample of the Broom Creek Formation was obtained from a core 
that was extracted from a wellbore in Billings County at a depth of approximately 7800 feet. The sample appears as 
a white and red, subangular to rounded, fine-grained sandstone [6]. XRD analysis has shown the sample to consist 
primarily of quartz with a small amount of thenardite (Na2SO4) present. 
The Winnipeg Group, another formation that may have significant capacity for CO2 storage, is comprised of a 
sequence of interbedded sandstones, siltstones, and shales of Ordovician age [9] overlying the Cambrian Deadwood 
Formation. A sample of this formation, acquired from a core that was extracted from a wellbore in Williams County, 
was obtained from a depth of approximately 13,350 feet. The sample appears to be dark gray shale with a sooty 
luster and has long splintery fragments with small black spherical grains embedded in it. XRD analysis has shown 
the sample to consist primarily of quartz with small amounts of dolomite, illite/mica, and a calcium aluminum oxide 
phase present.  
Many of the stratigraphic units in the Williston Basin contain evaporite deposits that act as impermeable caps to 
oil-bearing formations [6]. One of the common rock types associated with evaporite deposits is anhydrite (CaSO4). 
Because anhydrite cap formations are likely to come into direct contact with CO2 sequestered in many of the 
Williston Basin formations, a sample of anhydrite was tested for potential interaction with the CO2. A small core 
sample of a Williston Basin anhydrite (of unknown stratigraphic location) was provided by David Fischer of Fischer 
Oil and Gas, Inc. The sample is a dense, white to bluish white, nodular to massively nodular anhydrite, which 
contains some very fine carbonate material between the individual nodules [6]. XRD analysis has shown the sample 
to consist primarily of calcium sulfate (CaSO4) with minor amounts of quartz and dolomite (CaMg [CO3] 2) present. 
3. Methodology 
3.1. CO2 chamber experiments 
Prior to evaluation in the CO2 chamber experiments, a portion of each sample was crushed in a mortar to an 
average particle size of approximately 0.10 millimeters. The samples were crushed to enhance the surface area of 
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the particles and increase the likelihood of reaction with CO2 under the experimental conditions. It is anticipated that 
using crushed material in these initial experiments will provide data on maximum reaction rates. 
These experiments were designed to expose the selected rock/mineral samples to carbon dioxide under relatively 
high pressure and temperature, specifically 4000 psi and 80°C, respectively. The tests were conducted by placing 
approximately 2–3 grams of sample into a small scintillation vial and inserting the open vial into a chamber that 
could be regulated for temperature and pressurized with a CO2 atmosphere. Each sample was simultaneously 
evaluated under three different conditions, including dry (no addition of water), freshwater saturation, and saline 
solution (sodium chloride – NaCl, 10% by weight) saturation. The experiments with the magnesium silicate samples 
were conducted in triplicate for quality control purposes and verification of the experimental methodology. In the 
evaluation of the formation samples, each triplicate series contained replicates of either the freshwater or saline 
solution samples for quality control purposes. 
The samples were incubated in the testing chamber for a period of 4 weeks. The 4-week exposure time was 
conservatively selected after initial evaluation of the control sample (magnesium silicate) indicated that a complete 
reaction (carbonation reaction) was achieved after approximately 2 weeks. Each sample was weighed prior to being 
placed in the chamber and again after the 4-week exposure time. The changes in weight (if any) were used to predict 
if any physical or chemical alterations had potentially occurred. Since the magnesium silicate sample was pure, an 
estimate of the theoretical weight change was calculated based on the stoichiometry of the expected magnesium 
silicate conversion reaction with CO2 to form magnesium carbonate. The amount of magnesium silicate converted to 
magnesium carbonate was then determined by dividing the theoretical weight change (determined through 
stoichiometrical analysis) by the actual weight change of the sample. The theoretical weight change of the formation 
samples could not be estimated because the samples are heterogeneous, and any minerals that may react with CO2
are not quantified. 
3.2. XRD analysis 
An XRD analysis was performed on each sample after CO2 exposure to determine the mineralogical components 
of the samples and to evaluate any physical or chemical changes. The XRD scans are utilized to identify 
mineralogical signatures and to qualitatively estimate major and minor sample constituents. Of the samples exposed 
to CO2, only those incubated in the test chamber for the 4-week period were submitted for XRD analysis. In addition 
to analyzing the samples exposed to CO2, a portion of the original sample was also analyzed to identify the original 
mineralogy. 
3.3. Numerical modeling 
The chamber experiments described above were modeled in PHREEQC code [10]. The time frame of the 
described experiment was relatively short (4 weeks), and Gaus et al. [11] clearly illustrated that equilibrium batch 
modeling tends to overestimate the reactive ability of the modeled system; therefore, the kinetic batch modeling 
method was used. Kinetic batch calculations were performed utilizing the kinetic rate model (Equation 1) proposed 
by Lasaga [12] and successfully used by many researchers [e.g., 13]. 
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M  is the mineral index; rate is dissolution (+) or precipitation rate (í); k is the temperature-dependent rate constant 
for a specific mineral; A is the reactive surface area per kg of water; nHa  is the proton activity; n is the order of 
reaction (0 < n < 1); Q is the ion activity product; K is the equilibrium constant for the mineral water reaction; k25 is 
the rate constant measured at 25oC (mol/m2s); R is the gas constant (R = 8.31 J/mol*K); Ea is the activation energy 
of the reaction; T is the absolute gas temperature; and ȝ & ȣ are correcting coefficients. 
The kinetic rate parameters (see Table 1) were selected from available literature sources which describe pressure 
and temperature conditions in close proximity for the pressure and temperature conditions of the current experiment. 
Some of the listed kinetic rate parameters were not found in literature sources, and therefore, it was proposed to use 
the data which exists for similar minerals (e.g. minerals of the same group, similar crystal structure). The sensitivity 
of the modeling because of this approximation is not known and requires further investigation. For improved 
modeling accuracy, the thermodynamic database for PHREEQC was recalculated and adjusted for the modeled set 
of pressure and temperature conditions with SUPRCRT92 code [14]. 
4. Results
4.1. CO2 chamber experiments 
The magnesium silicate, which reacts with CO2 to form magnesium carbonate, was kept in the reaction chamber 
for periods of 1, 2, and 4 weeks. Based on the changes in sample weight, total sample conversion from magnesium 
silicate to magnesium carbonate occurred somewhere between 1 and 2 weeks of incubation. Figure 1 shows the 
average conversion percentages of triplicate analyses for magnesium silicate for each of the three incubation 
periods. Because of the extremely small sample size (2–3 grams), sample impurities, and potential vial-to-vial 
transfer, the margin of error was estimated at 15%–20%, as illustrated by the theoretically impossible conversion to 
greater than 100% magnesium carbonate. Sample analyses of magnesium silicate saturated with freshwater indicated 
that an average of 50% of the magnesium silicate was converted to magnesium carbonate after a 1-week exposure 
period, and total conversion (indicated by 100% or greater) was achieved in both the 2- and 4-week exposure 
periods. The magnesium silicate samples saturated with the brine solution illustrated a higher conversion percentage, 
77%, after the 1-week incubation period; 94% conversion after the 2-week incubation period; and total conversion 
(>100%) after 4 weeks of incubation (refer to Figures 1a and 1b). The formation samples, whether exposed to dry, 
water-saturated, or brine-saturated conditions, exhibited no detectable change in weight after 4 weeks of incubation. 
Based on these weight measurements and the lack of apparent change, the samples did not appear to have reacted 
with the CO2.
Table 1. List of kinetic rate parameters 
Mineral k25, moles-2s-1 Ea, J/mol*K A, cm2/g Reference 
Anhydrite 2.5119x10-12 62.76 9.8 Set to galena from Xu and Pruess [15] 
Calcite 6.4565x10-7 62.76 9.8 Svensson and Dreybrodt [16] 
Dolomite 1.2589x10-9 62.76 9.8 Xu and Pruess [15] 
Forsterite 1.0000x10-13 62.76 9.8 Xu, Apps, and Pruess [17] 
Quartz 1.2589x10-14 87.50 9.8 Xu and Pruess [15] 
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4.2. XRD analysis 
The XRD analysis of the original (unreacted) magnesium silicate samples indicated the material to be composed 
almost entirely of magnesium silicate (forsterite) with very small amounts of quartz and periclase. The sample tests 
conducted with no water or brine saturation (dry conditions) exhibited very little mineralogical change, with the 
only difference being a small amount of magnesium carbonate (magnesite) formation after exposure to CO2. On the 
other hand, the saturated samples were found to be predominantly magnesium carbonate, with minor amounts of 
quartz and amorphous material and thus suggest that a carbonation reaction occurred. The XRD analysis of the 
formation materials found very little change had occurred mineralogically in the dry and freshwater-saturated 
samples with the exception of a small amount of calcite detected in the anhydrite and Winnipeg Group shale 
samples. However, halite (NaCl) was present as a major mineral phase in samples that were saturated with the brine 
solution, resulting from the brine solution constituents. This observation is supported by Lagneau, Pipart and 
Catalette [18] and is known as the salting-out phenomena. 
4.3. Numerical modeling results 
Overall, the obtained modeling results are in relatively good agreement with experimental results. In particular, 
the numerical modeling of a magnesium silicate sample with CO2 in the presence of freshwater and synthetically 
generated brine suggests complete dissolution of the Mg2SiO4 sample within 2 weeks for freshwater conditions and 
19 days for the brine conditions (see Figure 2). The modeling of formation samples also predicts very insignificant 
changes in mineralogy for a suggested period of 4 weeks, which is in good agreement with obtained experimental 
results. 
Figure 1. Mineral conversion determinations for magnesium silicate as a result of CO2 exposure as calculated by change in weight and kinetic 
batch modeling: (a) Freshwater conditions, Mg2SiO4 dissolution predicted by numerical modeling and observed during the experiment, MgCO3
and SiO2 precipitation predicted by modeling; (b) synthetically generated brine conditions, Mg2SiO4 dissolution predicted by numerical modeling 
and observed during the experiment, MgCO3 and SiO2 precipitation predicted by modeling; (c) the evolution of most dominant species and ph 
change in the freshwater solution; and (d) the evolution of most dominant species and ph change in the brine. 
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However, some inconsistency of modeling results with laboratory experiments was experienced. For instance, the 
most significant discrepancy was observed for the Madison sample. The laboratory experiment showed that 
mineralogical change of the Madison Formation sample was insignificant. However, the numerical modeling 
suggested that dissolution of dolomite (~17% of the volume) and calcite (~7% of the volume) would occur in both 
freshwater solution and brine (refer to Figure 2) during the first hours of the modeling run. This result can be 
supported by the laboratory study which was conducted by Pokrovsky, Golubev, and Schott [19], where dissolution 
of calcite and dolomite was also observed within the suggested time frame but under different partial CO2 pressure 
and temperature conditions (735 psi and 25°C). The expected precipitation of calcite was not predicted during 
modeling. Instead, the concentration of free ions of Ca2+ and Mg2+ increased. Moreover, the calcite precipitation was 
not predicted during modeling for the Winnipeg Group samples and the halite precipitation that occurred in the 
laboratory was not predicted for brine solutions during the kinetic batch modeling. 
5. Discussion
The results of the XRD analyses of the CO2-exposed rock samples indicated that very little mineralogical change 
occurred for the described experimental conditions. There were very minor amounts of calcite detected in the 
freshwater-saturated anhydrite and the brine-saturated Winnipeg Group samples, which is likely due to formation of 
carbonate minerals through the interaction of CO2 and trace amounts of silicate-based mineral inclusions within the 
rock samples. Simultaneously, the numerical modeling did not come into complete agreement with experimental 
results. The discrepancies in numerical modeling predictions and experimental results suggest further investigation 
of the topic and improvements in both laboratory analyses methods and numerical modeling techniques. For 
instance, for the next phase of numerical simulations the use of CMG GEM software was proposed. Moreover, 
previous research [1, 2, 20, 21] suggests that formation fluid chemistry likely plays a critical role in CO2–rock–fluid 
interactions. The experiments outlined in this report were conducted using a single, sodium chloride-based synthetic 
formation fluid. Therefore, it is recommended that actual formation fluids from potential CO2 storage formations be 
tested to determine potential interactions from varying chemistries. Also, it is recommended that solution chemistry 
be studied more closely during the next phase of laboratory experiments and numerical modeling efforts. It was also 
noted in the literature that surficial etching and pitting may occur to the mineral facies within the formation sample 
[2]. Therefore, it is also recommended that a scanning electron microscope be utilized to detect any potential 
physical changes to minerals contained within the formation samples.  
6. Conclusions 
In conclusion, the results of these initial activities suggest that laboratory experimental results can be reasonably 
correlated to some aspects of geochemical modeling, thereby providing a foundation upon which to develop future 
laboratory and modeling work. It is anticipated that planned activities will build upon these results and lead to 
further insight regarding the prediction of interactions between CO2, rocks, and formation fluids at reservoir 
conditions. 
Figure 2. Madison sample dissolution: (a) freshwater conditions—dolomite and calcite dissolution predicted by numerical modeling and (b) the 
evolution of most dominant species and ph change in the freshwater solution. 
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